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Description 

[0001] The invention relates to regeneration of spent 
catalyst from an FCC unit in a way which reduces NO x 
emissions. 

[0002] NO x , or oxides ol nitrogen, in flue gas streams 
from FCC regenerators is a pervasive problem. FCC 
units process heavy feeds containing nitrogen com- 
pounds, and much of this material is eventually convert- 
ed into NO x emissions, either in the FCC regenerator (if 
operated in full CO burn mode) or in a downstream CO 
boiler (if operated in partial CO bum mode). Thus all 
FCC processing nitrogen containing feeds can have a 
NO x emissions problem due to catalyst regeneration, 
but the type of regeneration employed (full or partial CO 
burn mode) will determine whether NO x emissions ap- 
pear sooner (regenerator flue gas) or later (CO boiler). 
[0003] Although there may be some nitrogen fixation, 
or conversion of nitrogen in regenerator air to NOx, ^ ut 
most of the NO x emissions are believed to come from 
oxidation of nitrogen compounds in the feed. 
[0004] Several powerful ways have been developed 
to deal with the problem. The approaches fall into rough- 
ly five categories: 

1 . Feed hydrotreating, to keep IMC^ precursors from 
the FCC unit. 

2. Segregated cracking of fresh feed. 

3. Process approaches which reduce the NO x for- 
mation in a regenerator in complete CO bum mode, 
via regenerator modifications. 

4. Catalytic approaches, using a catalyst or additive 
which is compatible with the FCC reactor, which 
suppress NO x formation or catalyze its reduction in 
a regenerator in complete CO burn mode. 

5. Stack gas cleanup methods which are isolated 
from the FCC process. 

[0005] The FCC process will be briefly reviewed, fol- 
lowed by a review of the state of the art in reducing NO* 

emissions. 

FCC PROCESS 

[0006] Catalytic cracking of hydrocarbons is carried 
out in the absence of externally supplied H2, in contrast 
to hydrocracking, in which H2 is added during the crack- 
ing step. An inventory of particulate catalyst is continu- 
ously cycled between a cracking reactor and a catalyst 
regenerator. In the fluidized catalytic cracking (FCC) 
process, hydrocarbon feed contacts catalyst in a reactor 
at 425C-600°C, usually 4€0C-560°C. The hydrocar- 
bons crack, and deposit carbonaceous hydrocarbons or 
coke on the catalyst. The cracked products are separat- 
ed from the coked catalyst. The coked catalyst is 
stripped of volatiles, usually with steam, and is then re- 
generated. In the catalyst regenerator, the coke is 
burned from the catalyst with oxygen-containing gas : 



usually air. Coke burns off, restoring catalyst activity and 
simultaneously heating the catalyst to, e.g., 500°C- 
900°C, usually 600°C-750°C. Flue gas formed by burn- 
ing coke in the regenerator may be treated for removal 
5 of particulates and for conversion of carbon monoxide, 
after which the flue gas is normally discharged into the 
atmosphere. 

[0007] Most FCC units now use zeolite-containing 
catalyst having high activity and selectivity. These cat- 
to alysts are generally believed to work best when the 
amount of coke on the catalyst after regeneration is rel- 
atively low. 

[0008] Two types of FCC regenerators are now com- 
monly used, the high efficiency regenerator and the bub- 

15 bling bed type. 

[0009] The high efficiency regenerator mixes recycled 
regenerated catalyst with spent catalyst . burns much of 
the coke from spent catalyst in a fast fluidized bed coke 
combustor, then discharges catalyst and flue gas up a 

20 dilute phase transport riser where some additional coke 
combustion occurs, and where most of the CO is after- 
burned to CO2. These regenerators are designed for 
complete CO combustion, and usually produce clean 
burned catalyst, and flue gas will very little CO, and mod- 

25 est amounts of NO x . 

[0010] The bubbling bed regenerator maintains the 
catalyst as a bubbling fluidized bed ; to which spent cat- 
afyst is added and from which regenerated catalyst is 
removed. These regenerators usually require more cat- 

30 alyst inventory in the regenerator, because gas/catalyst 
contacting is not so efficient in a bubbling fluidized bed 
as in a fast fluidized bed. 

[0011] Many bubbling bed regenerators operate in 
complete CO combustion mode, i.e., the mole ratio of 

35 CO^CO is at least 1 0. Refiners try to burn CO complete- 
ly within the catalyst regenerator to conserve heat and 
to minimize air pollution. Among the ways suggested to 
decrease the amount of carbon on regenerated catalyst 
and to burn CO in the regenerator is to add a CO com- 

40 bustion promoter metal to the catalyst or to the regen- 
erator. 

[0012] Metals have been added as an integral com- 
ponent of the cracking catalyst and as a component of 
a discrete particulate additive, in which the active metal 

45 is associated with a support other than the catalyst. U. 
S. Patent No. 2,647,860 proposed adding 0.1 to 1 
weight percent chromic oxide to a cracking catalyst to 
promote combustion of CO. U.S. Patent No. 3,808,121, 
taught using relatively large-sized particles containing 

50 CO combustion-promoting metal into a cracking catalyst 
regenerator. The circulating particulate solids inventory, 
of small-sized catalyst particles, cycled between the 
cracking reactor and the catalyst regenerator, while the 
combustion-promoting particles remain in the regener- 

55 ator. 

[0013] U.S. 4,072,600 and 4,093,535 teach use of 
combustion-promoting metals such as Pt, Pd ; Ir, Rh, Os, 
Ru and Re in cracking catalysts in concentrations of 
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0.01 to 50 ppm, based on total catalyst inventory. This 
approach is so successful that most FCC units use Pt 
CO combustion promoter. This reduces CO emissions, 
but usually increases nitrogen oxides (NOJ in the re- 
generator flue gas. It is difficult in a catalyst regenerator 
to burn completely coke and CO in the regenerator with- 
out increasing the NO x content of the regenerator flue 
gas. Many jurisdictions have passed legislation restrict- 
ing the amount of NO x that can be in a flue gas stream 
discharged to the atmosphere. In response to environ- 
mental concerns, much effort has been spent on finding 
ways to reduce NO x emissions. 
[0014] The NO x problem is most acute in bubbling 
dense bed regenerators, perhaps due to localized high 
oxygen concentrations in the large bubbles ol regener- 
ation air. Even the high efficiency regenerators, with bet- 
ter catalyst/gas contacting, produce significant amounts 
of NO x , though usually only about 50 - 75 % of the NO x 
which would be produced in a bubbling dense bed re- 
generator cracking a similar feed. 
[001 5] Much of the discussion that follows is generic 
to any type of regenerator (usually feed prep, catalyst 
additives), while much is specific to bubbling dense bed 
regenerators. 

FEED HYDROTREATING 

[0016] Some refiners now go to the expense of hy- 
drotreating feed. This is usually done more to meet sul- 
fur specifications in various cracked products, or an SO x 
limitation in regenerator flue gas rather than a NC^ lim- 
itation. Hydrotreating will reduce to some extent the ni- 
trogen compounds in FCC feed, and this will help reduce 
the NO x emissions from the regenerator. 

SEGREGATED FEED CRACKING 

[0017] US4,9B5,133, Sapreetal, incorporated by ref- 
erence, taught that refiners processing multiple feeds 
could reduce NO x emissions, and improve performance 
in the cracking reactor by keeping high and low nitrogen 
feeds segregated, and adding them to different eleva- 
tions in the FCC riser. 

PROCESS APPROACHES TO NO„ CONTROL 

[0018] Process modifications are suggested in U.S. 
4,413,573, U.S. 4,325,833, and U.S. 5,077,252, in the 
form of two- or three-stage FCC regenerators, which re- 
duce NO x emissions. 

[0019] U.S. 4,31 3.B48 teaches countercurrent regen- 
eration of spent FCC catalyst, without backmixing, to 
minimize NO x emissions. 

[0020] U.S. 4 : 309,309 teaches the addition of a va- 
porlzable fuel to the upper portion of a FCC regenerator 
to minimize NO x emissions. Oxides of nitrogen formed 
in the lower portion of the regenerator are reduced in 
the reducing atmosphere generated by burning fuel in 



the upper portion of the regenerator. 
[0021] U.S. 4,542,114 taught minimizing the volume 
of flue gas by using oxygen rather than air in the FCC 
regenerator, with consequent reduction in the amount 

s ol flue gas produced. 

[0022] In Green et al, U.S. 4,828:680, incorporated by 
reference, NO x emissions from an FCC unit were re- 
duced by adding carbonaceous particles such as 
sponge coke or coal into the circulating inventory of 

10 cracking catalyst. The carbonaceous particles per- 
formed selectively absorbed metal contaminants in the 
feed and also reduced NO x emissions. Many refiners 
are reluctant to add coal or coke to their FCC units, and 
such materials also burn, and increase the heat release 
in the regenerator. Most refiners would prefer to reduce, 
rather than increase, heat release in their regenerators. 

DENOX WITH COKE 

20 [0023] US 4,991,521 , Green and Yan, showed that a 
regenerator could be designed so coke on spent FCC 
catalyst could be used to reduce NO x emissions from 
an FCC regenerator. The patent disclosed a two stage 
FCC regenerator, wherein flue gas from a second stage 

25 of regeneration contacted coked catalyst. Although ef- 
fective at reducing NO x emissions, this approach is not 
readily adaptable to existing units. 

DENOX WITH REDUCING ATMOSPHERES 

30 

[0024] Another process approach to reducing NC^ 
emissions from FCC regenerators is to create a relative- 
ly reducing atmosphere in some portion of the regener- 
ator by segregating the CO combustion promoter. Re- 

35 duction ol NO x emissions in FCC regenerators was 
achieved in U.S. 4,812,430 and 4,812,431 by using a 
conventional CO combustion promoter (Pt) on an un- 
conventional support which permitted the support to 
segregate in the regenerator. Use of large, hollow, float- 

40 ing spheres gave a sharp segregation of CO combustion 
promoter in the regenerator. Disposing the CO combus- 
tion promoter on fines, and allowing these fines to seg- 
regate near the top of a dense bed, or to be selectively 
recycled into the dilute phase above a dense bed, was 

45 another way to segregate the CO combustion promoter. 

CATALYTIC APPROACHES TO NO v CONTROL 

[0025] The work that follows is generally directed at 
so special catalysts which promote CO afterburning, but do 
not promote formation of much NO x . 
[0026] U.S. 4,300,997 and U.S. 4,350.615 : are both 
directed to use of Pd-Ru CO-combustion promoter. The 
bi-metallic CO combustion promoter is reported to do 
ss an adequate job of converting CO to C0 2 , while mini- 
mizing the formation of NO x . 

[0027] U.S. 4,199,435 suggests steam treating con- 
ventional metallic CO combustion promoter to decrease 
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NO x formation without impairing too much the CO com- 
bustion activity of the promoter. 
[0028] U.S. 4235,704 suggests too much CO com- 
bustion promoter causes NO x formation, and calls for 
monitoring the NO x content of the flue gases, and ad- 
justing the concentration of CO combustion promoter in 
the regenerator based on the amount of NO x in the flue 
gas. As an alternative to adding less CO combustion 
promoter the patentee suggests deactivating it in place, 
by adding something to deactivate the Pt, such as lead, 
antimony, arsenic, tin or bismuth. 
[002g_JL^5,00^ 

ence, taught the effectiveness of a zinc based additive 
in reducing NO x . Relatively small amounts of zinc oxides 
impregnated on a separate support having little or no 
cracking activity produced an additive which could cir- 
culate with the FCC equilibrium catalyst and reduce NO x 
emissions from FCC regenerators. 
[0030] US 4,988,432 Chin, incorporated by reference, 
taught the effectiveness of an antimony based additive 
at reducing NO x . 

[0031] Many refiners are reluctant to add more metals 
to their FCC catalyst out of environmental concerns. 
Some additives, such as zinc, may vaporize under con- 
ditions experienced in some FCC units. Adding antimo- 
ny to FCC catalyst may make disposal of spent catalyst 
more difficult. 

[0032] Such additives also add to the cost of the FCC 
process, may dilute the FCC equilibrium catalyst and 
may not be as effective as desired. 
[0033] In US 5,021 ,144: Altrichter, taught minimizing 
CO emissions downstream of a CO boiler by operating 
an FCC regenerator in partial CO burn mode with at 
least three times the amount of Pt needed to prevent 
afterburning. In the region studied, with CO boiler stack 
oxygen contents ranging from about 1 .6 to more than 4 
% 0 2 (low promoter addition) to 1 .2 to 3.4 mole % (high 
promoter addition), adding Pt to the FCC regenerator 
reduced NO x in the CO boiler stack gas. This approach 
is similar to that of most refiners operating with Pt com- 
bustion promoter in partial CO burn mode, most operate 
with more Pt in partial CO burn mode, because more Pt 
is needed for stable operation in complete CO burn 
mode. 

[0034] Considerable effort has also been spent on 
downstream treatment of FCC flue gas. This area will 
be briefly reviewed. 

STACK GAS TREATMENT 

[0035] It is known to react NO x in flue gas with NH3. 
NH3 is a selective reducing agent, which does not react 
rapidly with the excess oxygen which may be present in 
the flue gas. Two types of NH3 process have evolved, 
thermal and catalytic. 

[0036] Thermal processes, such as the Exxon Ther- 
mal DeNO x process, operate as homogeneous gas- 
phase processes at around 843 - 1038°C 



(1 550-1 900°F). More details of such a process are dis- 
closed by Lyon, R. K., Int. J. Chem. Kinet.,3, 315, 1976, 
incorporated by reference. 

[0037] Catalytic systems have been developed which 
5 operate at lower temperatures, typically at 1 49 - 454° C 
(300-850°F). These temperatures are typical of flue gas 
streams. Unfortunately, the catalysts used in these proc- 
esses are readily fouled, or the process lines plugged, 
by catalyst fines which are an integral part of FCC re- 
10 generator flue gas. 

[0038] U.S. 4,521,389 and4, 434,147 disclose adding 
NH3 to i NO x -containing flue gas to reduce catalytically 
the NO x to nitrogen. 

[0039] US 5,015,362, Chin, incorporated by refer- 
15 ence, taught contacting flue gas with sponge coke or 
coal, and a catalyst promoting reduction of NO x in the 
presence of such carbonaceous substances. 
[0040] None of the approaches described is the per- 
fect solution. 

20 [0041] Feed pretreatment is expensive, and can usu- 
ally only be justified for sulfur removal. Segregated feed 
cracking helps significantly, but requires segregated 
high and low nitrogen feeds. 

[0042] Process approaches, such as multi-stage or 

25 countercurrent regenerators, reduce NO x emissions but 
require extensive rebuilding of the FCC regenerator. 
[0043] various catalytic approaches, e.g., adding lead 
or antimony, to degrade the efficiency of the Pt function 
may help some but fail to meet the ever more stringent 

30 NO x emissions limits set by local governing bodies. 
[0044] Stack gas cleanup methods are powerful, but 
the capital and operating costs are high. 
[0045] We wondered if there was a way to take exist- 
ing FCC regenerators, and operate them to form most 

35 of the NO x in the regenerator, and also eliminate much 
or even most of it there. The problem was most serious 
in bubbling bed regenerators, but even high efficiency 
regenerators caused something of a NO x problem. 
[0046] We knew partial CO combustion was not the 

40 answer - little NO x was made in the regenerator, but pro- 
digious amounts of NO x precursors formed to shift the 
NO x problem to the CO boiler. 

[0047] We knew complete CO combustion was of lim- 
ited use. Nitrogen are efficiently converted to NO x in the 
is oxidizing atmosphere of the regenerator, creating an im- 
mediate NO x problem, rather than deferring it to a CO 
boiler. 

[0048] We discovered a new way of operating the 
FCC regenerator, between partial and complete CO 

50 combustion. A regenerator running with almost no ex- 
cess air, and enough CO so that the flue gas can not be 
discharged to the atmosphere, but unusually low 
amounts of CO created ideal conditions for eliminating 
most NO x emissions. 

55 [0049] By operating with incipient oxygen break- 
through, and a limited amount of CO, typically up to 
about 2 or 2.5 mole % CO, and preferably around 500 
to 10,000 ppm CO, we were also "on the brink" of dis- 
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aster, as slight changes in air rate could cause afterburn- 
ing with damaging temperature excursions. In fact, ex- 
tensive amounts of afterburning occurred when CO 
emissions were low, and when NO x emissions were low 
[0050] "On the brink" can also be an unsuitable region 
for CO boiler operation - the flue gas from the FCC re- 
generator may contain too much CO to be discharged 
to the atmosphere, but not enough CO to permit sus- 
tained operation of some CO boilers. 
[0051] Control of the regenerator, using conventional 
control methods, becomes difficult. The regenerator is 
neithe/jrmjy in reduci n g nor oxidizing m ode. The bed 
temperature response to changes in air rate is almost 
flat. Afterburning can increase or decrease in response 
to minor changes in air rate, but it is difficult to predict 
how the unit will respond. 

[0052] This difficult and uncomfortable regenerator 
operatbn provided a way to eliminate most of the NO x 
emissions traceable to the nitrogenous coke burned in 
the regenerator. We believed it forced both NO x forma- 
tion, and reduction, to occur primarily in the FCC regen- 
erator. 

[0053] Candor compels mention of the fact that we are 
not the first to operate in this region. Although this region 
is uncomfortable one, probably every FCC unit with a 
CO boiler passes through it briefly on numerous occa- 
sions. FCC regenerators with CO boilers may shift fre- 
quently from complete CO combustion in the regenera- 
tor (when cracking a distilled feed) to partial CO com- 
bustion (when cracking a resid feed) or the reverse. 
Whenever an FCC regenerator changes from full to par- 
tial CO bum mode : it must pass through this uncomfort- 
able, somewhat unstable region. Although many have 
passed through this region, we are believed to be the 
first to stay there, and the first to use it as an effective 
way to both create and destroy NO x in the regenerator. 
[0054] As applied to high efficiency regenerators, 
there have always been NC^ emissions, but almost al- 
ways from the regenerator rather than from a CO boiler, 
because these regenerators are designed to run in full 
CO burn mode. We could significantly reduce the al- 
ready favorable NO x emissions characteristics of these 
regenerators by operating them in this unstable region. 
[0055] Accordingly the present invention provides a 
process for the catalytic cracking of nitrogen-containing 
hydrocarbon feed to lighter products as defined in claim 
1. 

[0056] Apparatus suitable for the fluidized catalytic 
cracking of a heavy, nitrogen -containing hydrocarbon 
feed to lighter products and for the combustion of nitro- 
gen containing coke on spent FCC catalyst comprises: 
a riser reactor cracking means having a base portion 
connective with a source of nitrogen containing feed and 
a source of regenerated cracking catalyst; a riser outlet 
at the top of the riser reactor connective with a catalyst 
disengaging means for separating a cracked product 
vapor stream from a spent catalyst stream, and dis- 
charging spent catalyst into a catalyst stripper means; 



a catalyst stripping means receiving spent catalyst from 
said disengaging means, having a stripping gas inlet 
and producing a stripper effluent vapor stream and a 
stripped catalyst stream; a catalyst regenerator vessel 
5 for receiving stripped catalyst discharged from said 
stripping means and maintaining catalyst as a bubbling 
dense phase fluidized bed of catalyst, said vessel hav- 
ing a regeneration gas flow control means operatively 
associated with a regeneration gas inlet in a lower por- 
10 tion of said vessel, an outlet for regenerated catalyst in 
a lower portion of said vessel for recycle of regenerated 
catalyst to said base of said riser reactor, and an outlet 
for flue gas in an upper portion of said vessel for dis- 
charge of regenerator flue gas; a flue gas transfer line 
is having an inlet connected to said regenerator vessel 
and an outlet; a CO analyzer controller operatively as- 
sociated with at least one of said upper portion of said 
regenerator vessel and said flue gas transfer line from 
said regenerator vessel: an 0 2 analyzer controller op- 
20 eratively associated with at least one of said upper por- 
tion of said regenerator vessel and said flue gas transfer 
line from said regenerator vessel; and wherein both said 
CO and said 0 2 analyzer controllers control flow of re- 
generation gas to the said regenerator vessel; a CO 
25 combustion means having an inlet for regenerator flue 
gas connected to said transfer line outlet, an inlet for 
combustion air, and an outlet for flue gas from said CO 
combustion means; a CO combustion means transfer 
line connective with a flue gas discharge stack a NOx 
30 analyzer controller operatively associated with said CO 
combustion means transfer line for analyzing a NOx 
concentration therein for control of regeneration air flow 
to said regenerator vessel. 

[0057] Reference is now made to the accompanying 
35 drawings, in which: 

[0058] Fig. 1 is a simplified process flow diagram of a 
preferred configuration, an FCC unit with flue gas ana- 
lyzer controllers, and a CO boiler. 
[0059] Fig. 2. (Invention) is plot of regenerator and CO 
40 boiler flue gas compositions as an FCC regenerator 
shifts from partial CO burn operation to the low NO x re- 
gion and then back to full CO burn operation. 
[0060] The process of the present invention is an in- 
tegral part of the catalytic cracking process. The essen- 
45 tial elements of this process will be briefly reviewed in 
conjunction with a review of Fig. 1 . 
[0061] A heavy, nitrogen containing feed is charged 
via line 2 to riser reactor 10. Hot regenerated catalyst 
removed from the regenerator via line 12 vaporizes 
50 fresh feed in the base of the riser reactor, and cracks 
the feed. Cracked products and spent catalyst are dis- 
charged into vessel 20, and separated. Spent catalyst 
is stripped in a stripping means not shown in the base 
of vessel 20, then stripped catalyst is charged via line 
55 14 to regenerator 30. Cracked products are removed 
from vessel 20 via line 26 and charged to an FCC main 
column, not shown. 

[0062] Spent catalyst is maintained as a bubbling, 
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dense phase fluidized bed in vessel 30. Regeneration 
gas, almost always air sometimes supplemented with 
oxygen, is added via line 34 to the base of the regener- 
ator. Air flow is controlled by flow control valve 95. Re- 
generated catalyst is removed via line 1 2 and recycled 
to the base of the riser reactor. Flue gas is removed via 
line 36 and charged to preferred, but optional CO con- 
verter 50. In almost all modem refiners the CO converter 
will be a CO boiler, orCOcombustionmeans50, usually 
equipped with one or more heat recovery means 47, 
and/or a power recovery turbine 60. 
[0063] Flue gas from the FCC regenerator is charged 
via line 36 to the CO converter. Additional combustion 
air is added via line 41 , to ensure there is sufficient air 
or oxygen present to bum enough CO to meet CO emis- 
sions standards. Where desired, ammonia or an ammo- 
nia precursor such as urea may be added via line 43, to 
react with any NO x formed during CO combustion in the 
CO converter or CO boiler 50. Additional combustion air 
is frequently added via line 45 to promote removal of 
additional amounts of CO. Flue gas is discharged via 
line 52 to a stack via line 54, or via line 56 to a conven- 
tional power recover turbine 60, and from there via line 
62 to a stack, not shown. 

[0064] The process and equipment recited above are 
those used in conventional FCC regenerators. Many 
FCC regenerators exist with bubbling bed regenerators, 
and CO boilers. 

[0065] Unique to the apparatus of the claimed inven- 
tion are flue gas CO analyzer controller 70 and oxygen 
analyzer controller 80. These sample, via sample lines 
72 and 82, respectively, the flue gas, with results sent 
via signal transmission means 74 and 84 to controller 
means 90. A regeneration air control signal is sent via 
line 92 to regeneration air control valve 95 to control re- 
generation air flow. The controller means, which can be 
a digital or analog computer, can determine if near sto- 
ichiometric air is being provided to the regenerator, and 
make appropriate adjustments. 
[0066] An alternative, but simple and reasonably ef- 
f ective : control scheme would use both flue gas analyz- 
er controllers to drive control valve 95. A drop in free 
oxygen content would increase air, while a rise in CO 
content above, e.g., 1 : 000 ppm would also increase air. 
More air is added until a predetermined amount of free 
oxygen is in the flue gas in line 36, e.g., 0.3 mole %. 
More air is added if the CO content of the flue gas be- 
comes excessive, e.g., a CO content above 1:1 or 1 
mole %. If the regenerator shifts into something ap- 
proaching a complete CO burn mode, i.e., the CO con- 
tent drops below 500 ppm, then the regenerator air rate 
will be reduced. The regenerator may have to be fairly 
hot, and/or a significant amount of dilute phase after- 
burning tolerated, in some regenerators for this control 
method to work. This is because is some regenerators, 
with poor air distribution or poor catalyst circulation, one 
side of the regenerator may be just in partial CO burn, 
while the other side is operating just within complete CO 



burn mode so that dilute phase afterburning results. In 
such units, more CO and more 0 2 must usually be tol- 
erated in the flue gas from the regenerator. 
[0067] Although the present invention is ideal for use 

5 in any catalytic cracking unit with a bubbling bed catalyst 
regenerator with a CO boiler, as shown in Fig. 1 , there 
are other ways to implement the invention. 
[0068] A catalytic CO converter may be preferred for 
new units, as so little CO is present in our process that, 

10 for the first time, catalytic converters to remove CO from 
FCC flue gas are a viable option. In this way the fuel 
costs needed to drive the CO boiler in this uncomforta- 
ble mode of operation of the FCC regenerator can be 
eliminated or greatly reduced. 

15 [0069] Although the present invention is useful for 
both moving bed and fluidized bed catalytic cracking 
units, the discussion that follows is directed to FCC units 
which are the state of the art. 

20 FCC FEED 

[0070] Any conventional FCC feed can be used. The 
process of the present invention is useful for processing 
nitrogenous charge stocks, those containing more than 

25 500 ppm total nitrogen compounds, and especially use- 
ful in processing stocks containing very high levels of 
nitrogen compounds, such as those with more than 
1000 wt ppm total nitrogen compounds. 
[0071] The feeds may range Irom the typical, such as 

30 petroleum distillates or residual stocks, either virgin or 
partially refined, to the atypical, such as coal oils and 
shale oils. The feed frequently will contain recycled hy- 
drocarbons, such as light and heavy cycle oils which 
have already been subjected to cracking. 

35 [0072] Preferred feeds are gas oils, vacuum gas oils, 
atmospheric resids, and vacuum resids. The present in- 
vention is most useful with feeds having an initial boiling 
point above about 343°C (650°F). 

40 FCC CATALYST 

[0073] Commercially available FCC catalysts may be 
used. The catalyst preferably contains relatively large 
amounts of large pore zeolite for maximum effective- 
's ness, but such catalysts are readily available. The proc- 
ess will work with amorphous catalyst, but few modern 
FCC units use amorphous catalyst. 
[0074] Preferred catalysts for use herein will usually 
contain at least 10 wt % large pore zeolite in a porous 
50 refractory matrix such as silica-alumina, clay, or the like. 
The zeolite content is preferably much higher than this, 
and should usually be at least 20 wt % large pore zeolite, 
with optimum results achieved when unusually large 
amounts of large pore zeolite, in excess of 30 wt %, are 
55 present in the catalyst. For optimum results, the catalyst 
should contain from 30 to 60 wt % large pore zeolite. 
[0075] All zeolite contents discussed herein refer to 
the zeolite content of the makeup catalyst, rather than 
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the zeolite content of the equilibrium catalyst, or E-Cat. 
Much crystal Unity is lost in the weeks and months that 
the catalyst spends in the harsh, steam filled environ- 
ment of modern FCC regenerators, so the equilibrium 
catalyst will contain a much lower zeolite content by 
classical analytic methods. Most refiners usually refer 
to the zeolite content of their makeup catalyst, and the 
MAT (Modified Activity Test) or FAI (Fluidized Activity In- 
dex) of their equilibrium catalyst, and this specification 
folbws this naming convention. 
[0076] Conventional zeolites such as X and Y zeo- 
lites, or aluminum deficient forms of these zeolites such 
as dealuminized Y (DEALYj; ultrastable Y (USY) and" 
ultrahydrophobic Y (UHP Y) may be used as the large 
pore cracking catalyst. The zeolites may be stabilized 
with Rare Earths, e.g., 0.1 to 10 wt % RE. 
[0077] Relatively high silica zeolite containing cata- 
lysts are preferred. Catalysts containing 20-60% USY 
or rare earth USY (RE USY) are especially preferred. 
[0078] The catalyst inventory may also contain one or 
more additives, either present as separate additive par- 
ticles, or mixed in with each particle of the cracking cat- 
alyst. Additives can be added to enhance octane (me- 
dium pore size zeolites, sometimes relerred to as shape 
selective zeolites, i.e., those having a Constraint Index 
of 1 -1 2, and typified by ZSM-5, and other materials hav- 
ing a similar crystal structure). 
[0079] The FCC catalyst composition, per se , forms 
no part of the present invention. 

CO COMBUSTION PROMOTER 

[0080] Use of a CO combustion promoter in the re- 
generator or combustion zone is not essential for the 
practice of the present invention, however, some may 
be present. These materials are well-known. 
[0081] U.S. 4,072,600 and 4,235,754, incorporated 
by reference, disclose operation of an FCC regenerator 
with minute quantities of a CO combustion promoter. 
From 0.01 to 100 ppm Pt or enough other metal to give 
the same CO oxidation, may be used with good results. 
Very good results are obtained with as little as 0. 1 to 1 0 
wt. ppm platinum present on the catalyst in the unit. 
[0082] We usually will operate with just enough CO 
combustion additive to prevent afterburning. Conven- 
tional procedures can be used to determine if the right 
amount of promoter is present. In most refineries, after- 
burning shows upas a +17°C (+30°F), +28°C (+50°F) 
or +42°C (+75°F) change in temperature from the cat- 
alyst bed to the cyclones above the bed, with sufficient 
promoter added so that no more afterburning than this 
occurs. 

[0083] In one commercial test discussed in the EX- 
PERIMENT section, below, we ran with almost 111°C 
(200° F) of afterburning, and achieved extraordinary re- 
ductions in NO x . We were uncomfortable with such a 
large amount of afterburn, but pleased with the results. 
The test results show that our NO x reduction process 



works very well with large amounts of afterburning. Al- 
though we can not prove it from the data available, we 
can not rule out that afterburning may be necessary in 
some units to achieve large NO x reductions. 

5 

SO v ADDITIVES 

[0084] Additives may be used to adsorb SO*. These 
are believed to be primarily various forms of alumina, 

10 rare-earth oxides, and alkaline earth oxides, containing 
minor amounts of Pt, on the order of 0.1 to 2 ppm Pt. 
Additives for removal of are available from several 
catalyst suppliers, such as Davison's "R" (trademark) or 
Katalistiks International, Inc.'s "DESOX/ (trademark). 

15 [0085] Surprisingly, the invention permits efficient use 
of these additives, even though the regenerator is not 
in complete CO combustion mode. When a regenerator 
is in complete CO burn mode, SO x capture additives 
usually recover on the order of 60 to 70 % of the SC^, 

20 while in conventional partial CO burn mode SO* capture 
drops to 30 % or so. In our process SOx additives can 
still capture more than 40 %, and preferably more than 
50 % of the SO x while NO x emissions are drastically re- 
duced. 

25 

FCC REACTOR CONDITIONS 

[0086] The reactor operation will usually be conven- 
tional all riser cracking FCC, such as disclosed in U.S. 
30 4,421,636, incorporated by reference. Typical riser 
cracking reaction conditions include catalyst/oil ratios of 
0.5:1 to 15:1 and preferably 3:1 to 8:1, and a catalyst 
contact time of 0. 1 -50 seconds, and preferably 0.5 to 1 0 
seconds, and most preferably about 0.75 to 5 seconds, 
35 and riser top temperatures of 482°C (900°F) to about 
593°C (1100°F), preferably 510°C (950°F) to 566°C 
(1050°F). 

[0087] It is important to have good mixing of leed with 
catalyst in the base of the riser reactor, using conven- 
40 tional techniques such as adding large amounts of at- 
omizing steanrv use of multiple nozzles, use of atomizing 
nozzles and similar technology. 
[0088] It is preferred, but not essential, to have a riser 
catalyst acceleration zone in the base of the riser. 
45 [0089] It is preferred, but not essential, to have the 
riser reactor discharge into a closed cyclone system for 
rapid and efficient separation of cracked products from 
spent catalyst. A closed cyclone system is disclosed in 
U.S. 4,502,947 to Haddad et al, incorporated by refer- 
so ence, and in various journal articles. 

[0090] It is preferred but not essential, to strip rapidly 
the catalyst just as it exits the riser, and upstream of the 
conventional catalyst stripper. Stripper cyclones dis- 
closed in U.S. 4,173,527, Schatz and Heffley, incorpo- 
55 rated herein by reference, may be used. 

[0091] It Is preferred, but not essential, to use a hot 
catalyst stripper. Hot strippers heat spent catalyst by 
adding some hot, regenerated catalyst to spent catalyst. 
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Suitable hot stripper designs are shown in U.S. 
3,821, 103 ; Owen et al, incorporated herein by refer- 
ence. If hot stripping is used, a catalyst cooler may be 
used to cool the heated catalyst before it is sent to the 
catalyst regenerator. A preferred hot stripper and cata- 
lyst cooler is shown in U.S. 4,820,404, Owen, incorpo- 
rated by reference. 

[0092] Conventional FCC steam stripping stripping 
conditions can be used, with the spent catalyst having 
essentially the same temperature as the riser outlet, and 
with 0.5 to 5 % stripping gas, preferably steam, added 
to strip spent catalyst. 

[0093] The FCC reactor and stripper conditions, per 
se, can be conventional. 

CATALYST REGENERATION 

[0094] The process and apparatus of the present in- 
vention can use conventional bubbling dense bed FCC 
regenerators. The process works even better when the 
FCC regenerator has a downstream CO boiler. Most re- 
generators with downstream CO boilers are bubbling 
dense bed regenerators, either swirl, cross-flow, orOr- 
thoflow type. Much of the regeneration gas, usually it is 
air, passes through the bed in the form of bubbles. 
These pass through the bed, but contact it poorly. 
[0095] These units operate with large amounts of cat- 
alyst because the bubbling bed regenerators are not 
very efficient at burning coke, hence a large inventory 
and long residence time in the regenerator were needed 
to get clean burned catalyst. 

[0096] The carbon on regenerated catalyst can be 
conventional, typically less than 0.3 wt % coke, and 
more preferably less than 0.15 wt % coke : and most 
preferably even less. By coke we mean not only carbon, 
but minor amounts of hydrogen associated with the 
coke, and perhaps even very minor amounts of un- 
stripped heavy hydrocarbons which remain on catalyst. 
Expressed as wt % carbon, the numbers are essentially 
the same, but 5 to 10 % less. 

[0097] Although the carbon on regenerated catalyst 
can be the same as that produced by conventional FCC 
regenerators, the flue gas composition is unusual. 
[0098] The CO content of the flue gas should be low, 
less than 2 or 2.5 volume % CO. We prefer to operate 
with CO contents ranging from 100 to 10,000 or 20,000 
ppm, volume, (0.001 to 1 or 2 volume %), preferably 250 
to 10 ; 000 ppm, and most preferably 500 to 7500 ppm. 
[0099] The CO content must also be considered with 
the oxygen content of the flue gas. The oxygen content 
of the flue gas should usually be less than 1/2 the 
amount of CO, by volume or molar amount. This will en- 
sure that an overall reducing, or somewhat reducing at- 
mosphere will be maintained in the regenerator. Poor 
air distribution, or poor catalyst circulation in the regen- 
erator, may require use of slightly more regeneration air 
to achieve the desired regeneration. 
[0100] It is important to have less than 1 .0 % oxygen 



in the regenerator flue gas, and preferably no more than 
about 0.5 mole % oxygen in the flue gas. We prefer to 
have from 0.0 to 0.3 moles % oxygen, and most prefer- 
ably from 0.01 or 0.05 up to about 0.2 mole % oxygen 

5 in the flue gas. Because of poor contact of regeneration 
air with catalyst, or localized stagnant regions in either 
the dense bed, or above, or because of poor air distri- 
bution, it may be necessary to operate with slightly more 
air than is preferred, up to about 1 .0 mole % oxygen in 

10 flue gas. 

[0101] These are useful guidelines, but as will be rec- 
ognized by those skilled in the regeneration arts, these 
are unusual limits for oxygen and CO in regenerator flue 
gas. 

is [0102] Most FCC regenerators in partial CO burn 
mode will have 4 to 8 mole % CO in the flue gas. Some 
may operate with lower amounts of CO, perhaps in the 
2 or 3 mole % range, but none are believed to operate 
at steady state with 1 % CO in the flue gas. It would also 

20 be unusual to have such low amounts of oxygen in the 
flue gas, with such CO contents. 
[01 03] A prior art regenerator in partial CO burn mode 
would have very little oxygen present in the flue gas, 
well within the limits preferred for the present invention, 

25 but would have much large amounts of CO present. 
[0104] A prior art regenerator in complete CO burn 
mode would usually have less than 500 ppm CO in the 
flue gas, but would always have more free oxygen 
present. Almost all bubbling bed regenerators operating 

30 in complete CO combustion mode are believed to oper- 
ate with at least 1 .0 mole % oxygen in the flue gas, and 
many operate with 1 or 2 mole % oxygen in the flue gas, 
so little or no CO will remain in the flue gas. Some may 
operate with as little as 07 % excess oxygen. 

35 [0105] While it is easy to operate a regenerator in 
complete CO combustion mode with more than 1 .0 mole 
% oxygen in the flue gas, it is difficult to operate one with 
less than 1 % oxygen and some CO, but less than 1 
mole % CO. Usually it will be preferred to monitor fre- 

40 quently or continuously both the free oxygen content of 
the flue gas and the CO content of the flue gas. Use of 
a meter or measuring device which indicates if a reduc- 
ing or oxidizing atmosphere is present will be suitable. 
[0106] Use of afterburning, or dilute phase combus- 
ts tion of CO to C0 2 , either in the regenerator or in a flue 
gas line can be a useful control variable for regenerator 
air rate, but it must be used with caution. The flue gas 
from the regenerator, or in the dilute phase region above 
the regenerator, has very little CO or oxygen present. 

so Afterburning can be lost either because too much air is 
present (no CO), or not enough air is being added (no 
0 2 ). 

[0107] Afterburning could disappear in a commercial 
unit if a large amount of resid is intentionally or acciden- 
ts tally added to the FCC feed. The extra coke make at- 
tributable to the resid would rapidly consume all the ex- 
cess air in the regenerator, and eliminate or reduce af- 
terburning. 
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[0108] Afterburning could also be reduced or eliminat- 
ed by a shift to a very clean, low coke making, feed. Less 
coke would be charged to the regenerator and all the 
CO might be completely consumed in the dense bed 
(our unit will have almost the same heat release char- 
acteristics as a full CO burn regenerator, and will have 
a temperature which will permit CO burning within, or 
just above, the bubbling dense bed - this is discussed 
at greater length hereafter). 

[0109] This unpredictability of the regenerator to con- 
stant changes in coke make (such changes occur all the 
time in commercial refineries) is one of the reasons re- 
finers try hard to operate in either full CO burn or in par- 
tial CO burn. The conventional control methods, relying 
on dilute phase afterburning to control air rate, do not 
work in our process. We must operate the regenerator 
in a region where the temperature response of the re- 
generator is almost flat, and where it is difficult to tell if 
too much or too little air is being added. Afterburning can 
be lost if either too much or too little air is added, and 
the plant operators will not know what to do to bring the 
unit back into desired regime. 
[0110] If the unit become too reducing, NO x produc- 
tion (and reduction) within the regenerator will plummet, 
while NO x production in the downstream CO boiler will 
soar, resulting in a sharp increase in NO x emissions, 
which could violate local pollution restrictions. Adding 
large amounts of air as a corrective measure could 
cause excessive afterburning and damage the regener- 
ator cyclones. 

[0111] The conventional control methods can not be 
relied on with safety, in our largely unexplored region of 
regenerator operation. Conventional control methods 
are as useless as magnetic compasses to arctic explor- 
ers near the Magnetic North Pole. Although many refin- 
ers have operated in these regions "en passant, 0 none 
have stayed to reduce NO* emissions. 
[01 12] The temperature in our regenerator will be sim- 
ilar to temperatures in prior art regenerators operating 
in complete CO combustion mode, because more than 
90 % of the coke on catalyst is burned to form C0 2 rather 
than CO. There will be slightly less heat release than in 
a prior art regenerator operating in full CO burn mode, 
offset by less excess air being heated and sent up the 
stack. 

[0113] We do not prefer high temperature operation 
of the regenerator We would prefer to keep regenerator 
temperatures low, to make such afterburning as may oc- 
cur less troublesome. We would like to operate with tem- 
peratures below 704°C (1300°F) ; and preferably below 
677°C (1250°F) to reduce NC^ emissions, but many 
units will be run above 704°C (1300°F), e.g., from 721 
to 760°C ( 1 330 to 1 400°F). Some form of heat removal, 
such as heat exchanger tubes, or less preferably, steam 
quench, may be used to reduce regenerator tempera- 
ture if desired. 

[0114] Our process will allow bubbling bed regenera- 
tors to make better use of regeneration air than any 



known bubbling bed regenerator in complete CO com- 
bustion mode. There is essentially no waste, of combus- 
tion air, in our process. Prior art bubbling bed regener- 
ators, in complete CO combustion mode, usually oper- 

s ate with 5 or 10 % excess air addition to ensure 1 or 2 
% excess air in the flue gas. Our process has essentially 
the same heat release, but without the need for this ex- 
cess air Our process will thus permit a 5 to 10 % in- 
crease In throughput of FCC units limited by regenerator 

w air blower. 

[0115] Our process may also be used with high effi- 
ciency regenerators (H.E.R.), those with a fast fluidized 
bed coke combustor, dilute phase transport riser, and a 
second bed to collect regenerated catalyst. It will be nec- 

is essary to operate these in partial CO burn mode, and 
add a CO boiler, or catalytic converter, to make CO 
specifications. 

[0116] H.E.R.'s inherently make better use of regen- 
eration air, but most still operate with 1 % 0 2 or more in 

20 the flue gas, so slightly better use can be made of re- 
generation air from the process of the present invention. 
[0117] Although most regenerators are controlled pri- 
marily by adjusting the amount of regeneration air that 
is added, other equivalent control schemes are availa- 

25 ble which keep the air constant and change some other 
condition. Constant air rate, with changes in feed rate 
changing the coke yield, is an acceptable way to modify 
regenerator operation. Constant air, with variable feed 
preheat, or variable regenerator air preheat, are alsoac- 

30 ceptable. Finally, catalyst coolers can be used to re- 
move heat from a unit. If a unit is not generating enough 
coke to stay in heat balance, torch oil, or some otherfuel 
may be burned in the regenerator. 

35 CO COMBUSTION MEANS 

[0118] Although in its broadest embodiment, the 
present invention does not require a CO boiler it usually 
will be preferred to operate with a CO boiler, or other 

40 means such as a catalytic converter, to remove addi- 
tional amounts of CO from regenerator flue gas. There 
is so little CO in the flue gas from our regenerator that 
the heat recovered from a CO boiler will not usually jus- 
tify the installation of a CO boiler A CO boiler will usually 

45 be required to comply with local CO emissions limits, 
and also provides more degrees of freedom to operate 
the FCC regenerator so NO x emissions are greatly re- 
duced. CO boiler operation will be reviewed first, fol- 
lowed by a review of some other means to reduce CO 

50 emissions. 

CO BOILER 

[011 9] Any conventional CO boiler can be used here- 
ss in. Preferably the CO boiler is operated in multiple stag- 
es, to reduce the flame temperature occurring In any one 
stage and limit NO x formation in an oxidizing atmos- 
phere. Use o1 tow NOx burners to burn the CO is pre- 
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ferred. Low NO x burners are also preferred to burn the 
fuel gas which will probably be needed to keep the CO 
boiler 1rt. M 

[0120] One reason the present invention works so 
well with a CO boiler is because it requires the CO boiler 
to do very little. The flue gas to the CO boiler contains 
very little that will burn. We believe most of the NO x pre- 
cursors are eliminated in the regenerator and that most 
of the fuel which leads to high temperatures, and crea- 
tion of NO x by oxidation of nitrogen, are eliminated. Low 
BTU flue gas from our regenerator now becomes a dilu- 
ent that prevents inordinate temperature rise in the CO 
boiler, rather than a fuel which creates high tempera- 
tures and forms excessive NO x . 
[0121] Efficient mixing between the CO gas and the 
fuel gas will minimize the fuel gas flame tip temperature. 
This can be accomplished, for example, by introducing 
the flue gas, premixed with air, at high velocity in the 
annular region around the fuel gas flame. The adiabatic 
temperature of the CO gas (even with up to 10 % CO) 
is around 760 - 982°C (1400 - 1800°F), which is much 
lower than the flame tip temperature associated with 
burning fuel gas [>1 538°C (>2800°F)]. Because the fuel 
gas volume is small, typically only 0.1 to 2 % of the flue 
gas, the adiabatic temperature of the mixture is approx- 
imately that of the CO gas. Mixing rapidly will keep the 
flame tip temperature closer to the 1400 - 1800 region, 
and minimize NO x formation. For the fuel gas, tow NO x 
burners, such as those available from John Zink and 
other burner manufacturers may be used. 
[0122] To reduce NO x emissions even further, it may 
be beneficial to add ammonia or an ammonia precursor 
such as urea to the CO boiler. These materials react 
quickly with NO x to reduce it to nitrogen. 

OTHER CO COMBUSTION MEANS 

[01 23] Although refiners with CO boilers will probably 
prefer to continue to use them, it may not be cost justi- 
fiable to install them in units without them, because of 
the low BTU value of flue gas from our regenerator 
[01 24] Conventional methods of converting the minor 
amounts of CO remaining in the flue gas may be used, 
such as Pt gauze, or bead catalyst with Pt or honey- 
combs coated with Pt or similar CO combustion promot- 
er. Such catalytic CO converters are conventional in 
many other services, such as wood stoves, or automo- 
bile exhaust, but so far as is known have never been 
used on FCC flue gas. 

[01 25] Use of Pt based CO combustion promoter may 
promote some additional formation of NO^ from NO x 
precursors in the FCC regenerator flue gas compared 
to a conventional CO boiler. Usually this wil I be tolerable, 
as most of the NO x precursors in flue gas from the re- 
generator will be eliminated upstream of the CO boiler. 



CO. NOX EMISSIONS AFTER CO COMBUSTION 

[0126] Regardless of the intermediate steps, the flue 
gas produced downstream of CO converter will have an 
s unusually low level of both NO x and CO. The NO x and 
CO levels should be below 1 00 ppm. Preferably the NO x 
and CO levels will both be below 50 ppm. 

EXAMPLE 

w 

[0127] Tests were conducted to determine the effec- 
tiveness of various modes of operation of a bubbling bed 
catalyst regenerator at reducing NOx omissions, and re- 
ducing the formation of NO x precursors. These tests 
is were run on a commercial unit, with a cross-flow regen- 
erator. The catalyst was maintained as a bubbling, 
dense phase fluidized bed, with spent catalyst added 
from one side of the regenerator, and regenerated cat- 
alyst removed from the other side. Test results are sum- 
20 marized in Figure 2. 

[0128] Figure 2 shows how regenerator emissions, 
and CO boiler emissions change as a unit goes from 
partial CO combustion to the region claimed, and then 
back into partial CO combustion. 
25 [0129] During the demonstration the FCC feed con- 
tained 0.2 wt % total nitrogen. 

[0130] At the start of the test (16:30 hours), the unit 
was in conventional partial CO bum mode, with almost 
4 % CO in the flue gas. NO x emissions are not shown 

30 from the regenerator, there probably was very little NO x 
in the regenerator flue gas, as is typical in the highly 
reducing atmosphere of an FCC regenerator in partial 
CO bum mode. Oxygen was usually essentially zero 
throughout the test, save for one short excursion up 0.1 

35 vol % oxygen at 18:20. NO x emissions were slightly 
above 120 ppmv, dry basis, at the start of the test. 
[0131] As CO levels from the regenerator decreased, 
both NO x and CO emissions from the CO boiler de- 
creased. During the roughly two hour period from 1 7:00 

40 to 1 9:00, CO in flue gas from the regenerator was less 
than 1 %, and NO x emissions from the CO boiler were 
below 40 ppmv, and usually were around 20 ppmv. Al- 
though not shown in the Figure, there was an unusual 
amount of afterburning occurring in the regenerator dur- 

45 ing this period. As CO levels dropped, afterburning in- 
creased. When the CO level was less than 1 % volume, 
the dense bed temperature was 682° C (1 260°F) and the 
cyclone temperatures reached 799°C (1470°F). 
[01 32] At ail times, the CO boiler was kept hot enough 

50 so that the CO could be efficiently burned in the boiler, 
this required addition of enough fuel gas to compensate 
for the reduced amount of CO present in regenerator 
flue gas. The adiabatic combustion temperature for the 
mix of CO containing flue gas and fuel gas was always 

55 at least 871°C (1600°F). The CO boiler was run so that 
the flue gas from it contained about 1.6 vol % oxygen, 
wet gas basis. We do not think the CO boiler was sen- 
sitive to oxygen concentration, i.e., we could find little 



15 



20 



25 



10 



19 EP 0 578 401 B1 20 



correlation between NO x and oxygen levels. 
[0133] The CO boiler was believed to be even more 
effective than the results shown in the Figure, in that a 
small leak in the bypass line around the CO boiler was 
suspected by the refiner. The CO conversions are good 
regardless, and clearly show that reduced NC^ was not 
achieved at the expense of higher boiler CO emissions. 

STARTUP 

[0134] To get the regenerator in our "uncomfortable' 
operating regime, and keep it there, we would take the 
following steps. 

[0135] First, the FCC unit would be started conven- 
tionally, and the regenerator run in either partial or full 
CO burn mode. Then the air rate to the regenerator 
should be adjusted (increased in partial combustion, de- 
creased in full combustion mode) until the flue gas com- 
position is in the specified range. The concentration of 
CO and O2 from the regenerator should be monitored 
continuously. One possible control strategy would be to 
manipulate the air rate to control the quantity (CO/2) - 
0 2 . When this quantity is 0 ; there is stoichiometric 0 2 
present to complete combustion of CO to CO s . Optimum 
operation would be achieved by controlling this quantity 
between 1 .0 and -0.4, preferably between 0.5 and -0.1 , 
and most preferably between 0.0 and 0.25. Afterburn, 
particularly in units with a large diameter dense bed re- 
generator will likely be a problem at these conditions. 
Based on our experimental results, it may be very ben- 
eficial to have large amounts of afterburning. To operate 
comfortably and continuous in this mode, we would like 
to match closely air supply to coke supply e.g., plug up 
portions of the air grid that may be letting too much air 
into one point in the regenerator. Use of steam or water 
may be needed to quench dilute phase, cyclone, or flue 
gas line temperatures. Cyclone metallurgy that can with- 
stand high operating temperatures may be required. 

DISCUSSION 

[0136] The process of the present invention can be 
readily used in existing bubbling bed FCC regenerators 
with CO boilers with no hardware changes. Operation 
will be facilitated if the regenerator is equipped with fairly 
sophisticated controls, permitting control to be based at 
least in part on one or more flue gas compositions, such 
as NO x , CO, or free oxygen. 

[0137] Most FCC regenerators, even those without 
CO boilers, can benefit from the process of the present 
invention in that reduced NO x emissions can be 
achieved, while remaining within CO emissions limits. 
[0138] Our unusual, and hard to control mode of re- 
generator operation, provides the key to operating an 
FCC regenerator, and downstream CO boiler or CO 
conversion means. We believe it works because nitro- 
gen in coke is efficiently converted into NO x in the re- 
generator, and reduced to nitrogen in the regenerator. 



Our understanding of what goes on in the regenerator 
and CO combustion means may be incomplete, but 
what is important is that NO x emissions to the atmos- 
phere are greatly reduced by the practice of the present 
s invention. 

[01 39] When a CO boiler, equipped with low NO x noz- 
zles, is used to burn the CO and NO x precursor contain- 
ing flue gas from the FCC regenerator, NO x emissions 
can be significantly reduced as compared to those 

10 achievable now with the best commercially available 
technology. Using our process, and apparatus, FCC flue 
gas NO x emissions can easily be reduced to less than 
100 ppm, or even less than 50 ppm, while keeping CO 
emissions to similar limits. These results are strongly 

is dependent on feed nitrogen (it is this feed nitrogen, 
sometimes called fuel nitrogen, which is the major 
source of NO x emissions). For an FCC feed with 0.2 wt 
% nitrogen, as used in the test, it was possible to reduce 
NO x emissions from the CO boiler to an average of 

20 about 20 ppmv These are extraordinarily low NOx ses- 
sions, and were achieved merely by changing operating 
conditions. 

[0140] The flue gas eventually discharged to the at- 
mosphere from our unit will have less than 1/2, and per- 

25 haps only 25 %, or 20 % , or even only 10 % or less of 
the NO x emissions which would be produced by burning 
the same amount of nitrogen containing coke in either 
a bubbling bed regenerator operating in full CO burn 
mode, or in one in partial CO bum mode, with a down- 

30 stream CO boiler. 

[0141] The process and apparatus of the present in- 
vention provide a way for refiners to greatly reduce NO x 
emissions, while continuing to meet CO emissions 
specifications, and while using SO x capture additives at 

35 reasonable effectiveness. 

[01 42] Very little capital expense is involved, especial- 
ly for bubbling bed regenerators with a downstream CO 
boiler in place. The only thing that will be required with 
such units is forcing the regenerator to operate in the 

40 'on the brink" region, and using the existing CO boiler 
to do less. Many units have flue gas analyzers in place 
which will provide the necessary information for opera- 
tors to safely control regenerator operation. At little cost 
the instruments can be set for automatic control to min- 

45 jmize operator involvement. Continuous control will 
work best with units having fairly good catalyst distribu- 
tion, and good air distribution. 

[0143] It is unusual to have a pollution control im- 
provement which costs little or nothing to install or op- 

50 erate, profoundly reduces NO x emissions, and may 
even increase the capacity of the FCC unit. The practice 
of the present invention can increase slightly the capac- 
ity of some FCC regenerators, by allowing catalyst tem- 
peratures approaching those of complete CO bum units, 

ss without wasting 5 - 15 % of the combustion air in the 
form of excess 0 2 in regenerator flue gas. 
[0144] The only drawbacks to the practice of the 
present invention are the difficulties in controlling it, 
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which can largely be overcome by using our control 
method, and the fact that it makes CO boiler operation 
more difficult in some units ; primarily because most ex- 
isting CO boilers will be considerably oversized. Addi- 
tional fuel gas can be burned in the CO boiler, or added 
to the regenerator flue gas stream to make it easier to 
operate the CO boiler, although such additional com- 
bustion will usually lead to increased NO* emissions. 



Claims 

1. A process for the catalyticcracking of a nitrogen 
containing hydrocarbon feed to lighter products by 
cracking the feed with a hot, regenerated cracking 
catalyst in afluidized catalytic cracking (FCC) reac- 
tor to produce a mixture of cracked products and 
spent cracking catalyst containing coke and nitro- 
gen compounds; separating cracked products from 
the spent cracking catalyst to produce a cracked 
product vapor and a spent catalyst; stripping the 
spent catalyst in a catalyst stripper to produce 
stripped, spent catalyst containing coke and nitro- 
gen compounds; regenerating the stripped, spent 
catalyst with oxygen in a bubbling dense bed regen- 
erator at a temperature from 593° to 760° C (1 100 
to 1400°F) in a catalyst regenerator to produce re- 
generated catalyst and a flue gas stream containing 
from 0.00 to 1 .00 mole % oxygen, 1rom 100 ppm to 
25,000 ppm by volume, CO; and NO x and NO x pre- 
cursors; recovering regenerated catalyst from the 
regenerator and recycling it to the cracking reactor; 
passing the flue gas stream to a CO burner and 
burning the regenerator flue gas in the CO burner 
with additional oxygen containing gas to oxidize at 
least 50% of the CO content of the regenerator flue 
gas and at least 50% of the volatilized NO x precur- 
sors in the regenerator flue gas, and produce a CO 
burner flue gas containing from 0.05 to 6 mole % 
oxygen, less than 200 ppm CO and less than 100 
ppm NOx. 

2. A process according to claim 1 in which the regen- 
erator flue gas contains from 0.0 to 3 % oxygen, 500 
to 1 0,000 ppm CO and the CO burner flue gas con- 
tains less than 1 .5% oxygen, less than 100 ppm CO 
and less than 50 ppm NOx. 

3. A process according to 1 or 2 in which additional 
fuel is burned in the CO burner in an amount at least 
equal to the heating value of the regenerator flue 
gas. 

4. A process according to any of claim 1 to 3 in which 
the CO burner flue gas contains less than 25 ppm 
NOx and less than 25 ppm CO. 

5. A process according to any of claims 1 to 4 in which 



28 to 111 °C (50* to 200°F) afterburning occurs in 
the regenerator. 

B. A process according to any of claims 1 to 5 in which 
5 at least 50 percent of the NOx is converted to nitro- 
gen within the regenerator. 

7. A process according to any of claims 1 to 6 which 
includes periodically monitoring the NO x content of 

io the gas discharged from the CO burner and control- 
ling catalyst regeneration conditions in response to 
an increase of the NO x content of the stack gas dis- 
charged by increasing the formation of NO x and 
conversion of NO x within the regenerator, and re- 
ts ducing the amount of NO x precursors formed in the 
regenerator, by increasing the amount of oxygen in 
regenerator flue gas, while maintaining the oxygen 
concentration within the range of 0.0 to 0.75 moles 

%; 

20 

8. A process according to any of claims 1 to 6 which 
includes periodically monitoring the NO x content of 
the gas discharged from the CO burner and control- 
ling catalyst regeneration conditions in response to 

2S an increase of the NO x content of the stack gas dis- 
charged by increasing the formation of NO x and 
conversion of NO x within the regenerator, and re- 
ducing the amount of NO x precursors formed in the 
regenerator, by decreasing the CO content of re- 

30 generator flue gas, while maintaining the CO con- 
centration with the range of 100 ppm volume to 
10,000 ppm volume. 

9. A process according to any of claims 1 to 6 which 
35 includes periodically monitoring the NO x content of 

the gas discharged from the CO burner and control- 
ling catalyst regeneration conditions in response to 
an increase of the NO x content of the stack gas dis- 
charged by increasing the formation of NO^ and 
40 conversion of NO x within the regenerator, and re- 
ducing the amount of NO x precursors formed in the 
regenerator, by converting within the regenerator at 
least a majority of the NO x and NO x precursors 
formed by combustion of nitrogen compounds with- 
es in the regenerator to produce a regenerator flue gas 
containing a reduced total content of NO x and NC^ 
precursors. 

10. A process according to claim 9 in which the stack 
50 gas from the CO burner contains less than 50 ppm 

NO x and less than 100 ppm CO. 



PatentansprOche 

1, Verfahren zum katalytischen Cracken einer stick- 
stoffhaltigen Kohlenwasserstoffbeschickung in ge- 
ringersiedende Produkte durch Cracken der Be- 
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schickung mit einem hetGerv regenerierten Crack- 
katalysator in einem Reaktor zum katalytischen 
Wirbelschichtcracken (FCC), wodurch eine Mi- 
schung aus Crackprodukten und verbrauchtem 
Crackkatalysator hergestellt wird, der Koks und 
Stickstoffverbindungen enthalt; Abtrennen der 
Crackprodukte vom verbrauchten Crackkatalysa- 
tor, wodurch Crackproduktdampf und verbrauchter 
Katalysator erzeugt werden; Strippen des ver- 
brauchten Katalysators in einem Katalysatorstrip- 
per, wodurch gestrippter, verbrauchter Katalysator 
erzeugt wird, der Koks und Stickstoffverbindungen 
enthalt; Regenerieren des gestrippten, verbrauch- 
ten Katalysators in einem Regenerator mit aulwal- 
lendem dichtem Bett mit Sauerstoff bei einer Tem- 
peratur von 593 bis 760°C (1100 bis 1400°F) in ei- 
nem Regenerator fur Katalysator, wodurch regene- 
rierter Katalysator und ein Abgasstrom erzeugt 
wird, der 0,00 bis 1,00 Mol-% Sauerstoff, 100 bis 
25.000 ppm CO, auf das Voiumen bezogen, und 
NO x und NO x -Vorstufen enthalt; Gewinnen des re- 
generierten Katalysators aus dem Regenerator und 
dessen RuckfOhrung zum Crackreaktor; Lett en des 
Abgasstroms zu einem CO-Brenner und Verbren- 
nen des Regeneratorabgases im CO-Brenner mit 
weiterem sauerstoffhaltigem Gas, wodurch minde- 
stens 50 % des CO-Gehalts des Regeneratorabga- 
ses und mindestens 50 % der verfluchtigten NOx- 
Vorstufen im Regeneratorabgas oxidiert werden 
und eine CO-Brennerabgas erzeugt wird, das 0,05 
bis 6 Mol-% Sauerstoff, weniger als 200 ppm CO 
und weniger als 100 ppm NO x enthalt. 

2. Verfahren nach Anspruch 1, wobei das Regenera- 
torabgas 0,0 bis 3 % Sauerstoff und 500 bis 10.000 
ppm CO enthalt und das CO-Brennerabgas weni- 
ger als 1,5 % Sauerstoff, weniger als 100 ppm CO 
und weniger als 50 ppm NO x enthaft. 

3. Verfahren nach Anspruch 1 Oder 2, wobei im CO- 
Brenner zusatzlicher Brennstoff in einer Menge ver- 
brannt wird, die zumindest gleich dem Heizwert des 
Regeneratorabgases ist. 

4. Verfahren nach einem der Anspruche 1 bis 3, wobei 
das CO-Brennerabgas weniger als 25 ppm NO* und 
weniger als 25 ppm CO enthalt. 

5. Verfahren nach einem der Anspruche 1 bis 4, wobei 
im Regenerator eine Nachverbrennung mit 28 bis 
11 1°C (50 bis 200°F) auftritt. 

6. Verfahren nach einem der Anspruche 1 bis 5, wobei 
mindestens 50 % des NO x im Regenerator in Stick- 
stoff OberfOhrt werden. 

7. Verfahren nach einem der Anspruche 1 bis 6, wel- 
ches umfaGt: periodisches Uberwachen des NO*- 
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Gehaltes des vom CO-Brenner abgegebenen Ga- 
ses und Regelung der Bedingungen der Katalysa- 
torregenerierung entsprechend einem Anstieg des 
NO x -Gehaftes der abgegebenen Abluft durch Erhd- 

5 hung der E rzeugung von NO x und der Umwandlung 
von NO x im Regenerator, und Verringerung der im 
Regenerator erzeugten Menge von NOx-Vorstufen 
durch Erhdhung der Sauerstoff menge im Regene- 
ratorabgas, wobei die Sauerstoffkonzentration im 

10 Bereich von 0,0 bis 0,75 Mol-% gehalten wird. 

8. Verfahren nach einem der Anspruche 1 bis 6, wel- 
ches umfaGt: periodisches Uberwachen des NO x - 
Gehaites des vom CO-Brenner abgegebenen Ga- 
rs ses und Regelung der Bedingungen der Katalysa- 

torregenerierung entsprechend einem Anstieg des 
NO x -Gehaltes der abgegebenen Abluft durch Erhd- 
hung der E rzeugung von NO x und der Umwandlung 
von NO x im Regenerator, und Verringerung der im 
20 Regenerator erzeugten Menge von NC^-Vorstufen 
durch Verringerung des CO-Gehaltes des Regene- 
ratorabgases, wobei die CO-Konzentration im Be- 
reich von 100 ppm Voiumen bis 10.000 ppm Voiu- 
men gehalten wird. 

25 

9. Verfahren nach einem der Anspruche 1 bis 6, wel- 
ches umfaGt: periodisches Uberwachen des NO x - 
Gehaltes des vom CO-Brenner abgegebenen Ga- 
ses und Regelung der Bedingungen der Katalysa- 

30 torregenerierung entsprechend einem Anstieg des 
NO x -Gehalles der abgegebenen Abluft durch Erho- 
hung der E rzeugung von NO x und der Umwandlung 
von NO x im Regenerator, und Verringerung der im 
Regenerator erzeugten Menge von NO^Vorstufen 

35 durch Umwandlung von zumindest dem grdBten 
Teil des NO x und der NO x -Vorstufen im Regenera- 
tor, die durch Verbrennen von Stickstoffverbindun- 
gen im Regenerator erzeugt wurden, wodurch ein 
Regeneratorabgas erzeugt wird, das ein en gerin- 

40 geren Gesamtgehalt an NO^ und NO x -Vorstufen 
aufweist. 

10. Verfahren nach Anspruch 9, wobei die Abluft vom 
CO-Brenner weniger als 50 ppm NO x und weniger 

45 als 100 ppm CO enthalt. 



Revendications 

50 1. Un precede de craquage catalytique d'une charge 
hydrocarbonee, contenant de I'azote, en produit 
plus leger en craquant la charge a I'aide d'un cata- 
lyseur de craquage regenere chaud, dans un reac- 
teur de craquage catalytique fluidise (FCC) pour 

55 donner un melange de produits craques et de cata- 
lyseur de craquage use contenant du coke et des 
derives azotes ; la separation des produits craques 
du catalyseur de craquage use pour obtenir une va- 
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peur de produits craques et un catatyseur use ; epu- 
ration du catalyseur use dans un epurateur de ca- 
talyse ur pour obtenir un catalyseur use epure con- 
tenant du coke et des derives azotes ; regeneration 
du catalyseur use, epure, par de I'oxygene dans un s 
regenerates a lit dense bouillonnant a une tempe- 
rature de 593 a760°C (1100 a 1400°F) dans un re- 
generates de catalyseur pour obtenir un catalyseur 
regenere et un courant de gaz brule contenant de 
0,00 a 1 : 00 mole % d'oxygene, de 1 00 ppm a 25000 10 
ppm en volume de CO et du NO x et des precurseurs 
de NO x ; recuperation du catalyseur regenSre du re- 
generates et recyclage de celui-ci dans fe reactes 
de craquage en faisant passer le courant de gaz 
brule dans un bruleur de CO et en brulant le gaz is 
brule du regenerate ur dans le brQIeurde CO en pre- 
sence d'un gaz contenant une quantite supplemen- 
taire d'oxygene pour oxyder au moins 50 % du CO 
du gaz brule du regenerates et au moins 50 % de 
precurseur de NO x volatilise dans (e gaz brule du 20 
regenerates et produire un gaz brule de bruleur de 
CO contenant de 0,05 a 6 moles % d'oxygene, 
moins de 200 ppm de CO et moins de 100 ppm de 
NO x . 

2$ 

Un precede selon la revendication 1, dans lequel le 
gaz brule du regenerates contient de 0,0 a 3 % 
d'oxygene, 500 a 10000 ppm de CO et le gaz brule 
du bruleur de CO contient moins de 1 ,5 % d'oxyge- 
ne, moins de 100 ppm de CO et moins de 50 ppm 30 
de NO x . 

Un procede selon les revendications 1 ou 2, dans 
lequel on brule une quantite supplemental de 
combustible dans le bruleur de CO en une quantite 35 
au moins egale au pouvoir calorifique du gaz brule 
du regenerates. 

Un procede selon Tune quelconque des revendica- 
tions 1 a 3, dans lequel le gaz brule du bruleur de 40 
CO contient moins de 25 ppm de NO x et moins de 
25 ppm de CO. 

Un procede selon Tune quelconque des revendica- 
tions 1 a 4, dans lequel il se produit une post-corn- *s 
bustion de 28 a 11TC (50 a 200°F) dans le rege- 
nerates. 

Un procede selon I'une quelconque des revendica- 
tions 1 a 5, dans lequel au moins 50 % des N(\ so 
sont transfomnes en azote dans le regenerates. 

Un procede selon Tune quelconque des revendica- 
tions 1 a 6, qui comprend un suivi periodique de la 
teneur en NO x dans les gaz decharges du bruleur ss 
de CO et la regulation des conditions de regenera- 
tion du catalyseur en reponse a una augmentation 
de la teneur en NO x des gaz de cheminee dechar- 



ges en augmentant la formation de NO x et conver- 
sion des NO x a Pinterieur du regenerates, et abais- 
sement de la quantite des precurseurs de NC^ for- 
mes dans le regenerates en augmentant la quan- 
tite d'oxygene dans les gaz brules du regenerateur 
tout en maintenant la concentration en oxygene 
dans la fourchette de 0,0 a 0,75 mole %. 

8. Un procede selon Tune quelconque des revendica- 
tions 1 a 6, qui comprend le suivi periodique de la 
teneur des NO x du gaz decharge du bruleur de CO 
et ia regulation des conditions de regeneration du 
catalyseur en reponse a une elevation de la teneur 
en NO x des gaz de cheminee decharges en aug- 
mentant la formation des NO x et la conversion des 
NO x dans le regenerateur en abaissant la quantite 
de precurseur de NO x formes dans le regenerateur, 
en diminuant la teneur en CO des gaz brules du re- 
generateur tout en maintenant la concentration du 
CO dans la fourchette de 100 ppm en volume a 
10000 ppm en volume. 

9. Un procede selon I'une quelconque des revendica- 
tions 1 a 6, qui comprend le suivi periodique de la 
teneur en NO x des gaz decharges du bruleur de CO 
et la regulation des conditions de regeneration du 
catalyseur en reponse a une elevation de la teneur 
en NO x du gaz brule decharge en augmentant ia 
lormation des NO x et la conversion des NO x a I'in- 
terieur du regenerateur et en abaissant la quantite 
de precurseurs de NO x formes dans le regenera- 
teur, en transformant a I'interies du regenerateur 
au moins una majorite des NO x et des precurseurs 
de NO x formes par la combustion de derives d'azote 
a I'interieur du regenerateur pour donner un gaz 
brule de regenerateur contenant une quantite plus 
faibie totale de NO x et de precurseurs de NO x . 

10. Un procede selon la revendication 9, dans lequel 
les gaz brules provenant du brOleur de CO contien- 
nent moins de 50 ppm de NO x et moins de 1 00 ppm 
de CO 
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